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Abstract
In 1954, Ashkin, Page and Woodward (hereafter APW) reported on the first counter experiments to
measure the e−–e− and e−–e+ scattering cross-sections at low relativistic energies (0.6–1.7 MeV). Their
aim was to look for the spin and exchange or virtual annihilation effects predicted by the Møller and
Bhabha formulae. Their experiments confirmed these effects, but the measured cross-sections at 0.61
MeV were significantly smaller than their predicted values. The authors remarked that these deviations
were ‘presumably due to multiple scattering’. However, careful reading of the unpublished theses of
Page (1950) and Ashkin (1952), Page’s letter (1951) and the APW paper reveals no credible evidence for
multiple scattering at 0.61 MeV; if anything, the evidence rules against multiple scattering. If multiple
scattering is ruled out, the observations may indicate a departure from quantum electrodynamics. This
departure may be due to a non-Coulomb central force, a weakening of the spin-statistics connection,
or both. Only experiment can tell which of these possibilities holds true, and therefore we suggest that
new e−–e− scattering experiments be carried out at different energies (at 0.4–1.0 MeV) and different
scattering angles, as well as specific tests for multiple scattering. We consider a non-Coulomb central
force to be very unlikely, and advance the hypothesis that a fraction of the electron pairs scatter as
spin-zero fermions (which would lower the observed cross-section). Numerical calculations show that
this hypothesis may be tested quantitatively in a Page-type experiment, even with little improvement
in the accuracy he achieved in 1950.
1 Introduction
The electron-electron (e−–e−) scattering cross-
section first attracted interest owing to its role in
determining the penetrating power of fast electrons
(from cosmic rays and radioactive substances) in
their passage through matter [1]. Shortly after
Møller published his celebrated formula in 1932
[2], Champion – who had been corresponding with
Møller – published the results of his cloud-chamber
experiments on the subject; his finding was that
Møller’s formula fitted the data better than five
other candidates [3]. Champion did not have suffi-
cient data to make a stronger assertion; the Møller
formula contains terms which arise from spin and
exchange, but their effects are most pronounced at
large scattering angles which are found only in a
very small fraction of scattering events. There-
fore in the late 1940s Page and Ashkin, graduate
students of Woodward at Cornell, carried out two
separate experiments at energies between 0.6–1.7
MeV and 0.6–1.2 MeV respectively, using coinci-
dence counters arranged to detect only large-angle
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scattering events.1 Details of these experiments
were presented in the Ph D theses of Page (1950)
[4] and Ashkin (1952) [5], which remained unpub-
lished, except for a brief letter by Page in 1951 [6].
A summary of their results on e−–e− and e−–e+
scattering was published in 1954 in a joint paper by
Ashkin, Page and Woodward (hereafter APW) [7].
The results left no doubt that, at large scattering
angles, spin and exchange (or spin and virtual an-
nihilation, for e−–e+ scattering) modified the pure
Coulomb scattering cross-section significantly, as
had been suggested by Oppenheimer [8] and Mott
[9] in the early years of quantum-mechanical scat-
tering theory.
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Figure 1. e-e scattering cross-section at x = 0
from collodion (•) and beryllium () foils (after
Ashkin, Page and Woodward [7])
The results obtained with the ‘270◦-apparatus’
used by Page (Fig. 5 of [7]) are reproduced2 in
Fig. 1. (Ashkin used mylar foils for his experi-
ments, but his results on e−–e−-scattering agreed
with those shown in Fig. 1; see Fig. 6 of [7].) Notice
that the observed value at 0.6 MeV lies definitely
below the Møller curve (solid line). This discrep-
ancy will be the centre of our attention because, if it
cannot be explained by experimental errors and/or
multiple scattering3 then it would imply a break-
down of QED at this energy. APW state that this
1Ashkin’s chief aim was to measure the ratio of e−–e−
and e−–e+ scattering cross-sections, which could be deter-
mined more accurately than either absolute cross-section.
2Photographic reproduction having proven unsatisfac-
tory, we have redrawn the figure as best as we could.
3It would be convenient, for our purposes, to distinguish
between multiple scattering and other sources of error.
discrepancy arose ‘presumably because of multiple
scattering’. (The same discrepancy was observed
at the same energy for e−–e+ scattering by Ashkin;
APW use exactly the same phrase to explain it.) In
Sec. 4, we shall examine the evidence presented by
APW in some detail by going back to the original
sources [4, 5, 6], and shall conclude that the em-
pirical data do not support the multiple scattering
hypothesis. Therefore there is a very strong case
for new experimental studies of the e−–e− cross-
section at energies between 0.4 to 1.0 MeV. The
object would be to determine (i) whether there are
true departures from Møller’s formula, and (ii) if
there are, whether the observed departures can be
explained by the hypothesis that a fraction of the
electron pairs scatter as spin-zero fermions (dis-
cussed in Sec. 5).
The reader may wonder why a gap of such pro-
found theoretical consequence has not been closed
by experiment in the last 65 years. It would be pre-
sumptuous of the present author, who is not a his-
torian of physics, to try to answer this question. He
can only suggest a few references that capture some
of the excitement, and record some of the concerns
of physicists of the time: (i) the definitive history
of QED by Schweber [10], (ii) the book by Bethe
and de Hoffman for the state of ‘meson physics’ in
1954 [11], and finally (iii) Dyson’s account of how
he put together his key paper ‘The radiation theo-
ries of Tomonaga, Schwinger and Feynman’ [12] in
a Greyhound bus, given towards the end of chap-
ter 6 of his memoirs [13]. Dyson’s paper predated
the publications of Schwinger and Feynman!
The rest of this paper is organised as follows. In
Sec. 2 we recall the scattering formulae with which
we shall be concerned. They include the Møller for-
mula, the formulae for the scattering cross-sections
of two spin-zero fermions [sic!] and two spin-zero
bosons of equal charge, and the Bhabha formula
– suppressing some details – for e−–e+ scattering
[14]. We provide enough material to make the ac-
count more or less self-contained. In Sec. 3 we
assemble some data from Page’s thesis and letter
(pointing out a significant inconsistency between
the two) and Ashkin’s thesis, with emphasis on the
multiple scattering problem. We analyse the data
in Sec. 4 and conlude that, contrary to the presump-
tion of APW, the evidence for multiple scattering
at 0.61 MeV, both in e−–e− and e−–e+ scattering,
is lacking. We also suggest a direct test for mul-
2
tiple scattering. In Sec. 5 we try to devise an al-
ternative explanation, and advance the hypothesis
that with decreasing energy, an increasing fraction
of the electron pairs scatter as spin-zero fermions
(Hypothesis I, eq. (11)). In Sec. 6 we make nu-
merical estimates of the experimental accuracy that
would be required to put this hypothesis to test in
off-foil scattering experiments, and conclude that
it is indeed possible to do so even with little im-
provement on Page’s experiment of the late 1940s.
(A further test for multiple scattering emerges in
the process.) In section 7, we give some details
about the colliding beam experiment of Williams
et al (published 2014); an experiment with suitable
beams may greatly reduce the possibility of errors
due to multiple scattering, but we are unable to as-
sess its feasibility at low relativistic energies. In the
next section we comment on the far-reaching the-
oretical implications of hypothesis (11) being vali-
dated by experiment. In the last section we provide
a brief sketch of a notion of ‘small’ violations of the
Pauli principle in bound states and of the ongoing
experiments to detect such violations, with refer-
ences for the interested reader. An appendix gives
the numerical tables on which the estimates of Sec.
6 are based.
2 Scattering formulae
When a particle of positive mass is scattered by an-
other at relativistic energies, the differential cross-
section for the process is most easily calculated in
the centre-of-momentum frame. One would expect
that it has then to be transformed to the labora-
tory frame, in which the target particle is at rest,
for use by the experimentalist. This transformation
can be quite complicated in relativistic kinematics,
even when both particles have the same mass. But
Møller made the felicitous observation that it was
not necessary to carry out this transformation; the
scattering angle in the centre-of-momentum frame
was very simply related to the fractional energy
transfer – which could be observed directly – from
the incident to the target particle, and he commu-
nicated his results by letter to Champion, who was
performing the experiment (see [15]).
Champion wrote down Møller’s formula as fol-
lows (see [3], eq. 2); he noted with apparent surprise
that Planck’s constant appears nowhere in it!
σ′M =
dσM(x)
dx
= 4pi
(
r0
β2
)2
γ + 1
γ2
[
4
(1− x2)2 −
3
1− x2
+
(γ − 1)2
4γ2
(
1 +
4
1− x2
)]
(1)
In the above, the independent variable x is the
cosine of the scattering angle (x = cos θcm) in
the centre-of-momentum system. The quantity σ′M
(M for Møller) is formally the x-derivative of the
total cross-section σM in the laboratory system,
r0 = e
2/mc2 is the classical radius of the electron
(in CGS units), v is the velocity of the incident elec-
tron, β = v/c and γ = (1 − β2)−1/2. Finally, x is
related to θ, the scattering angle in the laboratory
system, by the complicated expression
x = cos θcm =
2− (γ + 3) sin2 θ
2 + (γ + 1) sin2 θ
(2)
where θcm is the scattering angle in the centre-of-
momentum system. What makes (1) usable by
the experimentalist is Møller’s finding, mentioned
above: the variable x may be expressed quite sim-
ply in terms of w, the fraction of kinetic energy of
the incident electron transferred to the target elec-
tron (assumed at rest):4
x = 1− 2w (3)
If one calculates the same cross-section for a pair
of spin-zero fermions [16] – a physical impossibility
if the spin-statistics theorem holds – one finds the
same formula, but without the term
(γ − 1)2
4γ2
(
1 +
4
1− x2
)
(4)
inside the square brackets in (1). This term “may
thus be considered to be the contribution made by
the spin” of the electron ([16], page 817). If the last
two terms in the square brackets in (1) are dropped,
what remains may be called the relativistic Ruther-
ford formula with Z = Z ′ = 1 and m = m′; we shall
4See Møller’s original article [2], page 569, the second
unnumbered equation between the two equations each num-
bered (75′).
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denote this cross-section by σ′R. Likewise, we shall
denote the cross-section for the scattering of two
charged spin-zero fermions by σ′F.
Spin-zero bosons (szb) exist in nature. The elec-
trodynamics of spin-zero particles (scalar electro-
dynamics) was constructed in 1950 (see [17, 18]).
The lowest order scattering cross-section for two
such particles of equal charge – in the laboratory
system – turns out to differ from the Møller for-
mula (2) only in the last two terms contained in
the square brackets (see [19], page 286). The full
formula is
σ′szb =
dσszb(x)
dx
=
4pi
(
r0
β2
)2
γ + 1
γ2
[
2
1− x2 −
γ − 1
2γ
]2 (5)
In the standard textbook and reference work by
Jauch and Rohrlich [20], the Møller formula is writ-
ten slightly differently. They use the natural sys-
tem of units in which c = ~ = 1 and length is
measured in centimeters. They also measure the
electric charge in the rationalized system of units,
in which e2/(4pic~) ≈ 1/137.) Their version is
dσM
dΩ
= r20
(
4
γ + 1
β2γ
)2
cos θ
[2 + (γ − 1) sin2 θ]
× [Møller]
(6)
where the quantity [Møller] is exactly the same as
the quantity inside the large square brackets in
(1). Neither Champion nor APW have made use
of the formula in this form, but for us the rele-
vant fact is that Jauch and Rohrlich have also de-
rived Bhabha’s formula for e−–e+ scattering cross-
section using the same notation. Denoting this
cross-section (again, in the laboratory system) by
σB, the formula given by Jauch and Rohrlich may
be written as follows:
dσB
dΩ
= r20
(
2
γ + 1
β2γ
)2
cos θ
[2 + (γ − 1) sin2 θ]
× [Bhabha]
(7)
In the above, [Bhabha] consists of three separate
terms which are functions of x rather than x2, as
the two particles are not identical. We shall not
write them down explicitly; the full formula may be
found on p. 260 of [20]. Bhabha identified the first
of these with the scattering of two spin- 12 particles
of opposite charge that are not antiparticles of each
other. The second is the virtual annihilation term,
and the third arises from interference between the
two. All three are functions of x and γ (or E) only,
and involve no physical constants. The ratio
ρ(E, x) =
dσM
dΩ
/
dσB
dΩ
=
σ′M(x)
σ′B(x)
= 4
[Møller]
[Bhabha]
(8)
remains well-defined as x→ 1, unlike the individual
cross-sections.
2.1 Nonrelativistic limits
All formulae for scattering cross-sections given
above contain r0 and β in the combination r0/β
2 =
e2/mv2, independent of c. Therefore calculation of
the nonrelativistic limit c → ∞ is reduced to the
substitution γ = 1. In this limit the Møller for-
mula (1) loses the last term in the square brackets,
and the resulting formula is identical with the (NR
limit of ) the scattering formula for two spin-zero
fermions derived by Mott. Similarly, formula (5)
for the scattering of two spin-zero bosons (of the
same mass and charge) reduces to the Rutherford
formula. At nonrelativistic energies, (i) an electron-
electron scattering experiment cannot distinguish
between spin-zero and spin-half fermions, and (ii) a
scattering experiment cannot distinguish between
two scalar bosons and two classical particles. The
unwritten term [Bhabha] in (7) reduces, likewise, to
4
(1− x)2
The nonrelativistic limit of the ratio (8) reduces to
σ′M(x)
σ′B(x)
∣∣∣∣
NR
=
1 + 3x2
(1 + x)2
(9)
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3 The experiments of Page
and Ashkin
In their paper, APW give a general overview of
the experiments of Page and Ashkin. At the end
of page 360 of [7], they say: ‘Care was taken to
avoid errors due to multiple scattering in the scat-
tering foil’, and describe tests to detect its pres-
ence. In this section we shall provide further de-
tails taken from the unpublished theses of Page [4]
and Ashkin [5]. We shall also refer to the figure
in Page’s brief communication [6]. The aim is to
prepare the ground for a more detailed discussion,
in Sec. 4, of the effect of multiple scattering on the
observed cross-sections.
3.1 Page’s thesis and letter
Page’s letter [6] contradicts his thesis in a very sig-
nificant manner. We shall discuss this after present-
ing some of his conclusions on the multiple scatter-
ing problem.
3.1.1 Page on the multiple scattering
problem
Page measured the e−–e− scattering cross-sections
at 0.6, 0.8, 1.0 and 1.2 MeV with both beryl-
lium and collodion foils, of densities 4.5 mg/cm2
and 0.5 mg/cm2 respectively. Since nothing except
the foil was changed during the experiments, the
ratio of the count rates CBe/Ccoll at any energy
should have depended – had there been no mul-
tiple scattering – only on the ratio of the densi-
ties of scatterers in the two foils, which was a con-
stant. Page’s plot of CBe/Ccoll against energy (his
Fig. 4′) is shown as the upper graph in our Fig. 2.
Had there been no multiple scattering, these points
would have lain on the horizontal line marked in the
figure. Page’s comment on it is as follows (p. 41 of
his thesis, emphasis added):
‘In the absence of. . . precise formulas for
multiple scattering (and clearly any side
experiment aiming at such determination
could easily dwarf the main experiment
here). . . one should simply accept the ob-
served coincidence rate ratios (Fig. 4′) be-
tween thick and thin foils as the guide
whereby certain of the data is rejected on
nuclear scattering grounds.’
The evidence presented in Page’s Fig. 4′ clearly
shows that, relative to the collodion foil, multiple
scattering effects become progressively more im-
portant with decreasing energy in the beryllium
foil. Use the word ‘nuclear’ rather than ‘multiple’
in the last sentence may require justification, but
the point is not relevant to our discussion, because
Page’s final data at the lower energies (0.6, 0.8 and
1.0 MeV) were obtained using the collodion foil.
Figure 2. Page’s Fig. 4 (lower figure) and Fig.
4′ (upper figure)
Page’s Fig. 4 and Fig. 4′ are reproduced in our
Fig. 2. (Note that Page expresses E as multiples of
mc2, i.e., in units of 0.511 MeV.) All the observed
points on his his Fig. 4 are close to the Møller curve.
On page 42 of his thesis, he says:
‘. . . which implies that all the data of
Fig. 4 is for all practical purposes free of
multiple scattering loss.’
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However, the last assertion was contradicted (im-
plicitly) by his letter, and is discussed below.
3.1.2 The inconsistency
The raw data obtained by Page were used to
draw three different energy vs cross-section graphs:
(i) Fig. 4 in Page’s thesis (lower graph of our Fig. 2),
(ii) Fig. 2 in Page’s letter [6] (which we have not
reproduced) and (iii) APW’s Fig. 5 (our Fig. 1).
Even a quick glance shows that (i) and (iii) do not
agree. In (i), the data points seem to be shifted up-
wards with respect to those in (iii), and the points
at the two highest energies lie clearly above the
Møller curve. The graphs in (ii) and (iii) do agree
with each other. The remark from p. 42 of Page’s
thesis quoted above is not applicable to the graphs
in (ii) and (iii), and is inconsistent with statements
in APW. This suggests that at least one of the two
formulae used for converting count rates to cross-
sections given on pages 56 and 57 of Page’s thesis
was slightly modified to arrive at the graphs in (ii)
and (iii). But no explanation is offered either in
Page’s letter [6] or in APW; there is no reference
to this inconsistency in either publication.
In view of this unexplained inconsistency, we
shall use the graphs in (ii) and (iii) (our Fig. 1) as
describing the results of Page’s experiments, rather
than the one presented in his thesis, except when
stated otherwise.
3.2 Ashkin’s thesis
Ashkin’s apparatus was similar to Page’s, but
somewhat larger, to allow for lead shielding. (His
positron source, Co56, emitted three γ rays for
every positron.) Exigencies of shielding also re-
stricted the trajectories of the scattered particles to
180◦, as opposed to Page’s 270◦. For e−–e+ scat-
tering, both counters were on the same side of the
partition; for e−–e− scattering, the magnetic field
had to be reversed and one of the counters moved
to the other side of the partition. (See Fig. 1 of
Ashkin’s thesis or Fig. 3 of APW.) Thus the e−–e−
scattering experiments of Page and Ashkin could
be considered ‘essentially different’. Note that
Ashkin used Mylar foils of densities 1.7 mg/cm2 and
0.9 mg/cm2 as scatterers (p. 14 of [5]).
Ashkin measured the e−–e− scattering cross-
section at E = 1.220, 1.019, 0.818 and 0.611 MeV
and x = 0. At the two higher energies, he used
only the thicker foil, at 0.611 MeV, only the thin-
ner foil, and both foils at 0.818 MeV. At this energy,
the cross-section obtained with the thinner foil was
4.7% larger than that obtained with the thicker one,
which he took as evidence of multiple scattering in
the thicker foil. At 0.611 MeV, the value he ob-
tained (2.60 × 10−24 cm2) was about 3% smaller
than the one obtained by Page (2.69 × 10−24 cm2)
with the 0.5 mg/cm2 collodion foil and presented in
his thesis (see Table II, p. 14 of [5] and Table III,
p. 14 of [4]).
But, as we have noted earlier, the calculated
cross-sections given in Page’s thesis and used in
his Fig. 4 (our Fig. 2) do not agree with Fig. 5
of APW (our Fig. 1). Ashkin’s results are shown
in graphical form in Fig. 6 in APW. This can be
compared visually with Fig. 5 of APW, which is
based on Page’s data. One sees that, at 0.6 MeV,
the cross-section found by Ashkin is, if anything,
slightly larger than the one shown in Fig. 5 of APW.
As APW state in the penultimate paragraph on
page 360, the results of Ashkin ‘agreed well’ with
those of Page.
Ashkin also determined the ratio ρ(E, x) of
e−–e− and e−–e+ cross-sections (8) at x = 0 and
E = 1.02, 0.82 and 0.61 MeV directly from the
coincidence counts, and compared the observed
values with those calculated from Møller’s and
Bhabha’s formulae. (Indeed, this was the main aim
of his thesis.) He observed that most of the exper-
imental errors, due to limitations of the apparatus,
would cancel each other in the ratio. (We shall
exploit this observation in Sec. 6.) The agreement
between theory and experiment was indeed remark-
able. (We shall present his data in Table 2.) After
presenting his data (p. 16 of [5]), he wrote:
‘Even the 0.61 MeV point lies right on
the theoretical curve. This serves to sub-
stantiate the supposition that both abso-
lute numbers for the [e−–e− and e−–e+]
cross-sections at this energy were low due
to multiple scattering ’ [our emphasis].
The same claim was repeated in APW. Neither
Ashkin nor APW offered any justification for it.
We shall examine it in Sec. 4.2.
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4 The multiple scattering
problem
The experiments of Page and Ashkin were based on
the implicit assumption that single scattering dom-
inates over other processes. Their results amply
justify this assumption. Fig. 1 also suggests that
the ratio of the observed e−–e− cross-section to the
calculated Møller cross-section decreases with de-
creasing energy below 1.0 MeV. APW and Ashkin
suggest that this effect (which turned out to be
of little relevance to their main aim of verifying
the existence of the exchange/virtual annihilation
terms in the cross-sections for Møller/Bhabha scat-
tering respectively) may be due to multiple scat-
tering. The evidence they offered was of two kinds:
(i) the effect of foil thickness, and (ii) the equality
of observed and calculated ratios of the e−–e− and
e−–e+ cross-sections at certain energies. We shall
consider them separately.
4.1 Effect of foil thickness
We shall now bring together the relevant data from
the original sources, and set down the conclusions
that may be drawn from them.
1. At 0.82 MeV and x = 0, the cross-section mea-
sured with a 1.7 mg/cm2 Mylar foil is 4.7%
smaller than that measured with a 0.9 mg/cm2
Mylar foil (Ashkin [5]). This indicates that the
influence of multiple scattering increases with
increasing thickness of foils of the same mate-
rial.
2. At 0.61 MeV and x = 0, the cross-section mea-
sured with a 0.9 mg/cm2 Mylar foil by Ashkin
[5] is 3% smaller than that measured with a
0.5 mg/cm2 collodion foil by Page (as reported
in his thesis [4], Table III, page 14). However,
as pointed out earlier, the data of Page’s Ta-
ble III are inconsistent with Fig. 5 of APW,
and a visual comparison of Figs. 5 and 6 of
APW suggests that the cross-section obtained
by Ashkin with the 0.9 mg/cm2 Mylar foil is,
if anything, slightly larger than that obtained
by Page with the 0.5 mg/cm2 collodion foil.
Item 1 of the above is supportive of the idea
that multiple scattering reduces the observed cross-
section, at least in the thicker foil. Item 2 is
more problematic; if we accept that APW overrides
Page’s thesis, the near-equality of the cross-section
measured with two different foils, one of which is
nearly twice as dense as the other, would seem to
indicate the absence of multiple scattering in both
the experiments. Then the low value of the cross-
section (at 0.61 MeV) remains to be explained. It
should be emphasized that, in both cases, the data
are too meager to draw hard conclusions.
4.1.1 Test for multiple scattering, I
The experiment, which can be a variant of Page’s
experiment, would be carried out at fixed E ≈ 0.5–
0.6 MeV and x = 0, but with foils of different thick-
nesses made out of the same material, the thinnest
having a lower density than Page’s collodion foil.
All other parts of the apparatus will remain un-
changed. The idea would be to obtain enough
points in a plot of the cross section against (the de-
creasing) foil density to detect whether or not the
cross section tends to level off at lower foil thick-
nesses. The hypothesis of dominance of single scat-
tering would suggest that the cross section should
level off with decreasing foil density. If it levels
off at the Møller value, it would be strong evidence
that multiple scattering alone suffices to explain the
phenomenon. On the other hand, if it levels off at
a value smaller than the Møller value, it would be
strongly suggestive of a different mechanism, such
as the one to be considered in Sec. 5, being active
either alternatively or simultaneously.
The feasibility of the experiment would depend
on the fabricability of suitable scattering foils.
The range of thicknesses should be such that the
levelling-off effect is observable. If such foils can be
made, the experiment would be a decisive one.
4.2 Equality of observed and calcu-
lated ratios of σ′M/σ
′
B
Recall that Ashkin’s main aim was to determine
the ratios ρ(E, x) of the Møller and Bhabha cross-
sections directly from the count ratios (using the
same apparatus); many of the errors in the deter-
mination of the absolute cross-sections would can-
cel out in the ratio. If all errors cancelled out,
the observed ratio would equal the calculated ra-
tio. As pointed out in Sec. 3.2, the agreement was
near-perfect at E = 1.02 and 0.61 MeV (at x = 0),
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and very good at E = 0.82 MeV. We shall ana-
lyze Ashkin’s ‘supposition’ that this near-equality
explains the low observed values for the e−–e− and
e−–e+ cross-sections at E = 0.61 MeV. Our analy-
sis will be based on the observation that the ‘dom-
inance of single scattering’ implies that corrections
to single scattering will, in turn, be dominated by
a single, second collision.
The cross-sections σ′M(E, x) and σ
′
B(E, x) diverge
at θ = 0 (x = 1) and then decrease very rapidly
with increasing θ (decreasing x). As a result, a par-
ticle that suffers a second collision in the foil will
most probably be deviated only very slightly from
its path, which may not be enough to prevent it
from striking the counter. Only particles that suf-
fer larger, less-probable deviations will avoid strik-
ing the counter. Owing to the divergence of the
cross-section, the fraction of particles (electrons or
positrons) that are prevented from reaching the
counter due to a second collision in the foil can-
not be estimated. However, the ratio ρ(E, x) of the
e−–e− and e−–e+ cross-sections defined by (8) re-
mains finite as x → 0, and we can make a rough
estimate of the effect of a second collision using this
ratio – and the geometry of the apparatus – as fol-
lows.
We assume that an incoming electron or positron
of energy E is scattered by an electron in the foil
(considered at rest), imparting half its kinetic en-
ergy to the latter – i.e., x = 0 for the scattered par-
ticles. Next, one of the scattered particles suffers a
second collision in the foil which changes its direc-
tion of flight by a small angle θs which does not ma-
terially affect its time-of-flight to the counter. (The
variables referring to the second collision will be
distinguished by the subscript ‘s’.) If all second col-
lisions scatter by the angle θs, their effect will be to
multiply the Møller cross-section σ′M(E, x = 0) by a
factor proportional to σ′M(Es, xs), where Es = E/2,
xs = 1 − δ and δ, only slightly greater than zero,
is determined by the geometry of the apparatus.
For positron scattering, the Bhabha cross-section
σ′B(E, x = 0) will be modified by a factor propor-
tional to σ′B(Es, xs). If, as in Ashkin’s experiments,
the same apparatus is used for both experiments,
the two proportionality factors should be the same.
We may therefore assume that the ratio ρ(E, x = 0)
will be multiplied by the factor
F (Es, xs) =
σ′M(Es, xs)
σ′B(Es, xs)
(10)
where Es = E/2 and xs = 1− δ.
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Figure 3. Graphs of the ratio F (Es, xs) vs xs
for xs ∈ [0, 1] and Es = 0.0, 0.2, 0.3, 0.4 and 0.5
MeV [in grey scale, bottom to top on the xs = 0
axis].
 0.97
 0.98
 0.99
 1
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 1.02
 1.03
 1.04
 0.95  0.96  0.97  0.98  0.99  1
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F(0.0, xs)
F(0.2, xs)
F(0.3, xs)
F(0.4, xs)
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Figure 4. Graphs of the ratio F (Es, xs) vs xs
for xs ∈ [0.95, 1] and Es = 0.0, 0.2, 0.3, 0.4 and
0.5 MeV [in grey scale, bottom to top on the
xs = 0.95 axis].
Fig. 3 shows the graph of the ratio F (Es, xs) for
xs ∈ [0, 1] and Es = 0.0, 0.2, 0.3, 0.4 and 0.5 MeV.
Fig. 4 is a magnification of the above in the range
xs ∈ [0.95, 1]. Except at xs = 0, where they all
meet, the graphs are totally disjoint, with those for
higher E lying entirely above those for lower E.
The case E = 0 corresponds to the nonrelativistic
limit, and its graph is that of the function (9). Ex-
cept for E = 0, the graphs decrease monotonically
from xs = 0 to xs = 1.
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The scattering angle θs (in the laboratory sys-
tem) can be calculated for given xs from (2). Ta-
ble 1 shows the values of θs, in degrees, calculated
using (2) for xs=0.995, 0.99, 0.98, 0.97 and 0.95
and Es = 0.2, 0.3, 0.4 and 0.5 MeV. Recall that
Es = E/2, where E is the energy of the electron or
positron incident upon the foil.
Es, in MeV
xs
0.2 0.3 0.4 0.5
0.995 2.62 2.52 2.43 2.35
0.990 3.71 3.57 3.44 3.32
0.980 5.25 5.05 4.87 4.71
0.970 6.44 6.19 5.97 5.55
0.950 8.33 8.01 7.71 7.48
Table 1. The scattering angle θs (in degrees)
as a function of Es, for xs = 0.995, 0.990, 0.980,
0.970 and 0.950
Finally, let us consider the geometry of the ap-
paratus. The counters used by Ashkin were made
of 0.8-inch (about 2 cm) square tubing ([7], p. 359).
A very rough estimate based on Fig. 1 of Ashkin’s
thesis shows that, for x = 0, the more energetic
particles follow a trajectory about 30–40 cm long
before reaching the counters. In the plane, a circu-
lar arc of length 2 cm subtends an angle of about
4◦ at 30 cm, and we shall not be far off in assum-
ing that this remains true even for the helical paths
that the particles traverse in the experiment. That
is, the angular aperture of the detector at the point
of scattering is about 4◦. (For less energetic par-
ticles, the angular aperture will be smaller if the
same counters are used.) Particles that are scat-
tered into this angular aperture are counted; those
that are scattered out of it are not.
We shall now try to put together the assump-
tions made and information obtained so far. The
key assumption is that the effect of multiple scat-
tering can be well approximated by the more pre-
cisely quantifiable idea of double scattering. The
effect of a second collision that changes the direc-
tion of flight of a particle by an amount determined
by xs is to multiply the ratio ρ(E, x) defined by (8)
by the factor F (Es, xs) defined by (10). To take
all possible directions into account in the second
scattering, we have to average F (Es, xs) over the
interval [0, xs]. This average is simply the area un-
der the curve devided by the length of the inter-
val. From Table 1 and the angular aperture of the
counter estimated earlier, we see that for xs around
0.99 or less, almost all the particles being scattered
a second time would be reaching the counter. We
now see from Figs. 3 and 4 that the contributions
of the even larger interval xs ∈ [0.98, 1] to the areas
under the curves for Es ≥ 0.2 MeV is entirely neg-
ligible. Therefore, for each Es, the weighting factor
becomes the area under the curve in the interval
[0, 1]. These areas have to be computed numeri-
cally for each Es.
However, we do not have to carry out these nu-
merical integrations. It is clear from Figs. 3 and 4
that F (Es, xs) is always greater than unity. There-
fore the area under the curve will be significantly
greater than unity, and will increase significantly
with increasing Es.
ρ, observed and calculated
E, MeV ρobs ρcalc ρobs/ρcalc
1.02 3.74± 0.49 3.76 1.0053
0.82 3.29± 0.19 3.42 1.0395
0.61 3.09± 0.22 3.08 0.9968
Table 2. Observed and calculated values of ρ
(Ashkin) and their ratio
Table 2 gives the ratios ρ(E, x = 0) as observed
and calculated by Ashkin, as well as the ratios
ρobs/ρcalc. According to our estimates, this ratio,
being the area under the curve of F (Es, xs), should
be (i) significantly greater than unity, and (ii) an in-
creasing function of Es. Ashkin’s data meet neither
of these conditions. While three data points are not
enough to reach a definitive conclusion, the data
provided certainly do not suggest that the low val-
ues of the observed e−–e− and e−–e+ cross-sections
are the results of multiple scattering. They may
even suggest the contrary: that the near-equality
of the observed and calculated ratios at E = 0.61
and 1.02 MeV are indicative of the insignificance of
multiple scattering! But this putative conclusion is
challenged by the data at E = 0.82 MeV.
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4.3 Summary of this Section
We may sum up the discussion in this Section as
follows:
1. Variation of the cross-sections with foil thick-
ness – the foils being of the same material –
does suggest the possibility of multiple scat-
tering, while not ruling out other explanations.
Experiments with foils of different thicknesses
but the same material may be able to discrim-
inate between multiple scattering and other
possible causes.
2. The cross-section at 0.61 MeV, measured with
a mylar foil of density 0.9 mg/cm2, is about
equal or slightly larger than the one measured
with collodion foil of density 0.5 mg/cm2. This
suggests that multiple scattering is no longer
effective at these densities. Then the fact that
the measured cross-section is lower than its
Møller value remains unexplained. The data
are too meager to draw firm conclusions.
3. The data presented by Ashkin on the compari-
son of observed and calculated values of σ′M/σ
′
B
are not sufficient to establish a reason for the
observed low values of σ′M and σ
′
B at E = 0.61
MeV and x = 0. The near-equality of the ob-
served and calculated ratios at 0.61 and 1.02
MeV may even be taken to mean that multi-
ple scattering is not significant at either en-
ergy, but the data are too meager to draw firm
conclusions.
We need more experimental data to draw any
conclusion.
5 The search for alternatives
If further experiments show that the low-energy
large-angle scattering cross-sections are unques-
tionably smaller than their Møller values, what
could be the possible explanations?
The electron-electron interaction contains three
factors which combine seamlessly in QED: the
Coulomb repulsion, the spin of the electron, and
its statistics. However, the last two factors con-
tribute separately to the Møller formula; the first
term in the square brackets in (1) is the Rutherford
(Coulomb) term, the second the exchange and the
third the spin term. From a purely phenomeno-
logical point of view, one may therefore consider
modifying the effects of these factors separately.
Modifying the Coulomb repulsion may be a step
too radical; we consider it to be currently unwar-
ranted. (See also Sec. 7.) Leaving the Coulomb
interaction untouched would require modifying the
effects of exchange, or spin, or both. Here the
Møller formula itself offers a pointer: If the last
term in the big square brackets in (1) is dropped,
what remains is the formula for the scattering of
two spin-zero fermions. If only the first term in the
square brackets in (1) is kept, we obtain the (rela-
tivistic) Rutherford formula for equal charges and
masses. Could it be that some (energy-dependent)
fraction of the particles scatter according to the
Møller formula, but the rest scatter as classical par-
ticles, as spin-zero bosons (5) or even as spin-zero
fermions?
Figure 5. From top to bottom: graphs of
R(E), B(E),M(E) and F(E) for x = 0. The
four graphs are pairwise disjoint.
Graphs of the terms in square brackets in the
cross-sections for (i) Rutherford scattering R(E),
(ii) the scattering of two spin-zero bosons B(E)
(formula (5)), (iii) Møller scattering M(E), and
(iv) that of two spin-zero fermions F(E), between
E = 0.3 and 0.7 MeV at x = 0, are shown in Fig. 5.
(The factor outside the square brackets is common
to all four.) One sees immediately that the Ruther-
ford and spin-zero boson cross-sections are always
significantly larger than the Møller cross-section.
Only the spin-zero fermions have a scattering cross-
section which is smaller than the Møller! We there-
fore assume that
Hypothesis I. An observed cross-section σ′obs
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which is smaller than the Møller cross-section may
be represented as
ξσ′obs = (1− α)σ′M + ασ′F (11)
where σ′F is the cross-section for the scattering of
two spin-zero fermions, α = α(E) ∈ (0, 1) is a pa-
rameter which depends of E but not on x, and ξ =
ξ(E) is a small correction factor (ξ(E) = 1+δ(E))
which accounts for the loss due to multiple scatter-
ing.
Note that in the nonrelativistic limit
σ′M = σ
′
F
so that σ′obs(E → 0) is independent of α.
Remarks II. The right-hand side of (11) can be
written as the right-hand side of the Møller formula
(1), with the third term in square brackets being
replaced by
(1− α) (γ − 1)
2
4γ2
(
1 +
4
1− x2
)
(12)
where α is the same as in (11). Alternatively, the
extra factor (1−α) can be absorbed in γ, as follows:
(γ′ − 1)2
4γ′2
(
1 +
4
1− x2
)
(13)
where γ′(γ, α) < γ. Neither of these forms have
as transparent an interpretation as (11); we shall
return to them briefly in Sec. 8.
We shall now make some numerical estimates
concerning the feasibility of subjecting the above
hypothesis to experimental tests.
6 Feasibility estimates
The essential part of the model defined by (11) is
that ξ and α depend on E but not on x. For given
E, measurement of σ′obs for two different values of
x will determine ξ(E) and α(E) for that E; mea-
surements of σ′obs for the same E but other values
of x will then serve to test the hypothesis I: if the
ξ and α so determined fit the data for the same E
but other x, hypothesis I may be accepted provi-
sionally; if not, it must be rejected.
To test (11) for given E, one has to measure
σ′obs(x,E) for different values of x. On the one
hand, this should be done for as many values x
as possible to accept or reject the hypothesis I with
confidence; on the other hand, adjacent values of
x for which σ′obs(x,E) is measured should be sep-
arated enough to distinguish between the corre-
sponding values of σ′obs(x,E). These two require-
ments are in conflict, and the feasibility of the ex-
periment will depend on whether they can be met
simultaneously within the experimental error.
One more factor has to be taken into account. At
small angles (those utilised for transmission elec-
tron microscopy, TEM; see [21, 22]) the e−–e−
scattering cross-sections are orders of magnitude
greater than those at large angles (say for x = 0,
as in the APW experiments). An experiment to
detect possible departures from the Møller formula
would have to be like the APW experiments – in
which individual scattering events are detected and
counted – and not like TEM runs in which im-
ages are formed by scattering events too numer-
ous to count; the scattering angles at which the
cross-sections are measured would have to be sig-
nificantly larger than those used in TEM.
Numerical calculations show that for E from 0.3
to 0.7 MeV and x from 0.10 to 0.40, the scattering
angle θ lies between 36.6◦ and 25.0◦. These an-
gles should be far enough from TEM regimes for
individual events to be detectable.
Let σ′obs(x,E) be measured at x = x0, . . . xn,
with xk < xk+1. To simplify the notation, write
σ′k(E) for σ
′
obs(xk, E)
Then, to distinguish between σ′k(E) and σ
′
k+1(E),
the error in the measurement of σ′k(E) (or σ
′
k+1(E))
must be discernibly less than
∆k(E) = 100
(
ξσ′k+1(E)− ξσ′k(E)
ξσ′k+1(E)
)
= 100
(
1− σ
′
k(E)
σ′k+1(E)
) (14)
The factors 100 in the above equation have been in-
troduced to express the ∆k as percentages of σ
′
k+1.
Note that ∆ is independent of ξ.
For the energy values under consideration, σ′k(E)
is an increasing function of k, so that the ∆k(E)
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are positive numbers. The numerical value of
(14) places a limit on how close xk can be to
xk+1 for σ
′
obs(xk, E) to be distinguishable from
σ′obs(xk+1, E).
The errors in the APW experiments, carried out
in the late 1940s and early 1950s, were reported
as 7–8%. (In their respective theses, both Page [4]
and Ashkin [5] go into considerable detail about the
various sources of error and their individual contri-
butions to the total error.) However, in a Page-
type experiment the ratios ∆k can be determined
directly from the observed count rates (cf. Ashkin’s
remarks about the greater accuracy of the ratio
ρ(E, x) in Sec. 3.2), and should be much more accu-
rate than the individual cross-sections. It will not
be overly optimistic to assume that the ∆k would
not exceed 4–5% even with the technology used by
Page and Ashkin seventy years ago. We shall con-
tinue our analysis on the assumption that it will
be possible to distinguish between σ′obs(xk, E) and
σ′obs(xk+1, E) if ∆k > 5%.
We have calculated ∆k numerically for
1. E = 0.4, 0.5, 0.6 and 0.7.
2. For each E, xk = 0.10, 0.15, 0.20, 0.25, 0.30
and 0.35.
3. For each pair (E, x), α = 0.1, 0.2, 0.3, 0.4 and
0.5.
The results of the calculations are shown in tab-
ular form in the Appendix, one table for each
value of α. One sees from these tables that ∆k
is less than 5.0 only for a few values of E and
α at x = 0.10. If the value x = 0.10 is al-
together excluded from the measurements, then
∆k ≥ 6.46, and one has five sets of data points
available: xk = 0.15, 0.20, 0.25, 0.30, 0.35. Any two
of these will fix the values of ξ and α in (11) for
given E; the other three can then be used to test
the hypothesis itself. If one excludes the data point
xk = 0.15 as well, one will still have two data points
for a rougher test of the hypothesis at any E, with
∆k ≥ (a very accommodating) 8.21.
We also see from the tables that, for larger xk,
the ∆k are so large that more data points can be
picked in the interval x ∈ [0.2, 0.35] than the three
we have chosen to determine the feasibility of the
experiment. Details are left to the experimentalist.
We may therefore conclude that hypothesis I is
indeed susceptible to experimental test, even with
a repetition of Page’s experiment.
6.1 Test for multiple scattering, II
Begin with the observation that for fixed E and
x1 6= x2, the ratio of cross-sections
υ(E;x1, x2) =
σ′(E, x1)
σ′(E, x2)
(15)
can be determined more precisely than either cross-
section if both measurements are carried out with
the same apparatus and the same intensity of the
incident beam. The ratio υ will simply be the ratio
of the observed count rates. This observation can
be used to turn the experiment described above
into a test for multiple scattering with very little
extra effort. The extra effort would be to measure
σ′(E, x) for each E at x = 0 as well, and then to
compute the ratios
Υobs(E, xk) =
σ′(E, xk)
σ′(E, x = 0)
(16)
for xk = 0.10, 0.15, . . . 0.35 from the observed count
rates. For any given E, these points should be plot-
ted together with the graph of the calculated ratio
of ΥM(E, x) versus x for x ∈ [0, 0.4].
As x increases, the scattering angle will decrease,
and so will the path traversed through the foil by
the scattered particles. If multiple scattering is sig-
nificant, then the Υobs will depart nore and more
from the calculated graph with decreasing x.
7 Free-free scattering; the ex-
periment of Williams et al
In 2014, Williams et al published the results of
an important experiment on the ‘Scattering of free
electrons by free electrons’, which was probably the
first of its kind [23]. (In the following, we shall
call this free-free scattering.) In this experiment,
the relative velocity v/c of the electrons varied be-
tween 10−2 and 10−1, i.e., γ varied from 1.00005
and 1.00504, small enough for the collisions to be
considered nonrelativistic. As we have noted ear-
lier, in the nonrelativistic limit the scattering cross-
section does not distinguish between two electrons
and two spin-zero fermions (of mass m = me), so
that the abovementioned experiment does not pro-
vide the information that we are seeking. Page and
Ashkin measured the cross-section at a single scat-
tering angle (for given E); Williams et al measured
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the cross-sections at several different scattering an-
gles; their results agreed with the theory based on
a strictly Coulomb central force.
Williams et al write that their experiment veri-
fied the Møller formula to within ±4%. (One could
say, with more drama but equal justice, that their
experiment showed that the particles scatter like
scalar fermions to within ±4%.) Their runs yielded
48 data points, of which four were wildly off, and
were disregarded. They added that ‘The additional
time required for better precision was not pursued
because the [energy] dependence was clear and con-
sistent with Rutherford scattering’. By ‘Ruther-
ford scattering’ they meant the factor β−4 outside
the square brackets in (1), which is common to
all cross-sections under the Coulomb force. This
factor also shows that, other things being equal,
at higher energies (relative velocities), longer runs
needed to achieve higher accuracies – or indeed to
make any observations at all – will have to be very
much longer: to get the same number of data points
as at E = 2.5 keV, the run will have to be 2,340
times as long at 0.2 MeV and 7,940 times as long
at 1.0 MeV!
The multiple scattering problem could exist in
free-free scattering as well, at high intensities and
large (beam) cross-sections. If it does, one may
be able to minimize its effect by using beams that
are almost two-dimensional. The present author is
unable to assess the feasibility of this suggestion,
or that of scaling up the experiment of Williams et
al to the energy range 0.4–0.7 MeV. (Williams et
al write about extending the experiment to lower
relative velocities.)
8 Implications for the theory
Runs of experiments that are more extensive and
precise than those of Page and Ashkin may have
three possible outcomes.
1. The results agree with the Møller formula.
2. The results depart from the Møller formula,
but do not validate hypothesis I.
3. The results depart from the Møller formula,
and validate hypothesis I.
In the first case, we would conclude that there is
no need to attempt a revision of QED; the exprei-
ments of Page and Ashkin had unexplained errors.
In the second case, we may have to consider a non-
Coulomb central force, which would entail a study
of the angular distribution (as opposed to Page and
Ashkin, who studied only the scattering angle cor-
responding to x = 0 for each E). As stated earlier
(and reinforced by the results of Williams et al),
we consider this possibility to be very remote, and
shall not say anything further about it. It is the
third case – an abundance of observations conform
to hypothesis I – that will be our main concern,
but we first need to dispose of a somewhat differ-
ent scenario that may be suggested.
Usual proofs of the spin-statistics theorem are
based on relativistic invariance. Although there
have been several attempts to establish the result in
a nonrelativistic setting (Sudarshan [24], Balachan-
dran et al [25], Berry and Robbins [26]), quantum
field theorists continue to believe that the theorem
breaks down in nonrelativistic physics. Could it
be that the spin-statistics connection breaks down
because the dynamics becomes effectively nonrela-
tivistic before the nonrelativistic limit is reached?
The answer is no! At the energies we are con-
sidering, the kinematics of a two-electron system
will certainly be relativistic (even at E = 0.2 MeV,
γ = 1.3914). Recall now that mass is a superselec-
tion rule in Galilei-invariant theories (Bargmann’s
superselection rule [27]). Therefore the in- and
out- states in our experiment will belong to dif-
ferent superselection sectors. This will frustrate
any sttempt to combine relativistic kinematics with
nonrelativistic dynamics.
As pointed out in Remark II, eq. (11), the defin-
ing equation of hypothesis I, can also be cast in
two other forms: the Møller formula with a mod-
ified third term (in the square brackets), given by
either (12) or (13). However, we have not been able
to find any physical interpretation for these forms.
There remains one further possibility: modifying
the second term
− 3
1− x2
in square brackets in the Møller formula (1). This
term is negative, and multiplying it by a factor
greater than one will lower the cross-section. It will
also change the angular distribution. The effects
will be most pronounced near the nonrelativistic
limit. Williams et al did not find any such effect
[23].
To sum up, verification of hypothesis I will create
13
serious problems for the spin-statistics connection
for electrons that are not in bound states, and more
generally for quantum electrodynamics and quan-
tum field theories. It should also be noticed that
the energy range in which the effect is observed is
below the threshhold of pair creation, where the
notion of quantized fields is not called upon; in-
deed, Møller derived his formula within the Dirac
theory, using his own relativistic generalization [28]
of a trick devised by Bethe [29] (see also [15], page
200). This may suggest that the whole notion of
particles as field quanta – one of the most basic
notions of theoretical physics today – has to be re-
examined, the repercussions of which will be almost
unimaginable. For example: is it really necessary
to quantize the gravitational field? What questions
does string theory answer? What are the objects
of which quantum mechanics is a mechanics? Let
alone a theory of everything, will we have a theory
of anything at all?
9 Possible violation of Pauli’s
principle in bound states
So far we have been considering the possible viola-
tion of exchange symmetry in states of free parti-
cles, albeit based on the assumption that the scat-
terer is also a free particle. The possible viola-
tion of the Pauli principle in bound states was first
tested experimentally in 1990, and is the subject of
a major ongoing collaboration. We shall describe
it briefly in the following. For the background, we
refer to the general discussion of exchange symme-
tries from the theorist’s point of view in Haag’s
book [30] and the references quoted there. (The
term parastatistics seems to have been introduced
by Dell’Antonio, Greenberg and Sudarshan in [31]).
We first describe an ansatz which produces a ‘small’
violation of the Pauli exclusion principle, one which
has led to experiments.
In Fermi-Dirac statistics, the operator identity
(a†j)
2 = 0 (which follows from the anticommutation
rules) ensures that the state j is not occupied more
than once. If, instead, we had the operator identitiy
(a†j)
3 = 0, it would imply that the state j can be
occupied twice, but no more. This, of course, would
require trilinear commutation relations.
In 1987, Ignatiev and Kuzman published a model
with trilinear commutation relations which con-
tained a small parameter β [32]. Their model,
which had only one level, was defined by
a2a† + β2a†a2 = β2a
a2a† + β4a†a2 = β2aa†a
(17)
and their hermitian conjugates, together with
a3 = 0, (a†)3 = 0 (18)
This model has proved difficult to generalize to sys-
tems with many degrees of freedom (for details, see
[33] and the references cited there), but it has the
advantage of being experimentally testable. For ex-
ample, if one of the two 1s states of an atom can
be doubly occupied, albeit briefly, then its existence
may be revealed by 2p→ 1s transitions that would
otherwise be forbidden when both 1s states are oc-
cupied.
An experiment to test this possibility in an open
system (to bypass the Messiah-Greenberg superse-
lection rule [34]) was performed by Ramberg and
Snow in 1990 [35]. They passed a large current
through a copper trough and looked for 2p → 1s
transitions. Normally the 1s shell is already filled
with two electrons, so that the transition, of en-
ergy ∼ 8.05 keV, is forbidden. A small violation
of Pauli principle of the type (17) would, however,
allow some such transitions. Owing to screening
by existing electrons, these transitions would have
an energy ∼ 7.7 keV, and the resulting X-rays can
be detected. Ramberg and Snow found no such
transitions during their run, which gave the bound
β2 ≤ 1.7× 10−26.
The Ramberg-Snow experiment was greatly re-
fined by a large international collaboration (the
VIP collaboration) at the Laboratoria Nazionale di
Frascati (LNF) of the INFN, Italy [36]. They ob-
tained a much improved lower bound of β2/2 ≤
4.5 × 10−28. This experiment was subsequently
moved the Laboratoria Nazionale di Gran Sasso
(LNGS) under the Gran Sasso mountain in the
Abruzzi. In its new form (which is constantly being
refined) it is known as the VIP 2 experiment [37].
The latest published bound from this experiment
is β2/2 ≤ 3.4× 10−29 [38].
The project is continuing. For a status report
from April 2019, see [39]. A good discussion of the
theoretical background and derivation of the bound
may be found in [40].
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Appendix: Tables of ∆k(E, x;α)
Note: Values of ∆k smaller than 5.0 are shown in
boldface.
E, in MeV
x
0.4 0.5 0.6 0.7
0.10 5.12 4.95 4.80 4.68
0.15 7.04 6.81 6.62 6.46
0.20 8.87 8.61 8.39 8.21
0.25 10.64 10.36 10.12 9.91
0.30 12.36 12.07 11.81 11.60
0.35 14.07 13.78 13.53 13.31
Table A1. ∆k(E) for α = 0.1
E, in MeV
x
0.4 0.5 0.6 0.7
0.10 5.20 5.04 4.90 4.68
0.15 7.14 6.93 6.75 6.60
0.20 8.99 8.75 8.54 8.37
0.25 10.77 10.50 10.28 10.09
0.30 12.49 12.22 11.99 11.79
0.35 14.18 13.93 13.70 13.50
Table A2. ∆k(E) for α = 0.2
*
E, in MeV
x
0.4 0.5 0.6 0.7
0.10 5.28 5.13 5.01 4.90
0.15 7.24 7.05 6.89 6.75
0.20 9.10 8.89 8.70 8.54
0.25 10.89 10.66 10.45 10.09
0.30 12.62 12.38 12.17 11.99
0.35 14.33 14.09 13.88 13.70
Table A3. ∆k(E) for α = 0.3
E, in MeV
x
0.4 0.5 0.6 0.7
0.10 5.36 5.23 5.12 5.02
0.15 7.34 7.18 7.03 6.91
0.20 9.23 9.03 8.87 8.72
0.25 11.02 10.81 10.63 10.28
0.30 12.76 12.54 12.35 12.19
0.35 14.46 14.25 14.06 13.90
Table A4. ∆k(E) for α = 0.4
E, in MeV
x
0.4 0.5 0.6 0.7
0.10 5.45 5.33 5.23 5.15
0.15 7.45 7.31 7.18 7.07
0.20 9.35 9.19 9.04 8.91
0.25 11.16 10.98 10.82 10.68
0.30 12.89 12.71 12.55 12.41
0.35 14.60 14.42 14.26 14.12
Table A5. ∆k(E) for α = 0.5
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